OBJECTIVE -This trial tested whether mycophenolate mofetil (MMF) alone or with daclizumab (DZB) could arrest the loss of insulin-producing ␤-cells in subjects with new-onset type 1 diabetes.
T ype 1 diabetes is a chronic, slowly progressive autoimmune disease (1) . Immunotherapy aimed at modifying the course of disease has been demonstrated to be successful in a number of immune conditions including rheumatoid arthritis, systemic lupus erythematosus, and multiple sclerosis. Infusion of an anti-CD3 monoclonal antibody showed preservation of ␤-cell function in type 1 diabetes (2-4).
The Diabetes Control and Complications Trial (DCCT) demonstrated that improved metabolic control reduces chronic complications in type 1 diabetes (5) . A post hoc analysis of DCCT found that those with residual ␤-cell function, manifested by C-peptide values Ͼ0.2 pmol/ ml, had both less hypoglycemia and fewer complications than those without residual function (6) . Thus an intervention that prolongs ␤-cell function would be expected to improve metabolic control and reduce complications (7) . Mycophenolic acid (MPA) was discovered in 1896 and characterized in 1952. Mycophenolate mofetil (MMF) is rapidly absorbed after oral administration and hydrolyzed to MPA (8) . MPA is a potent, selective, noncompetitive, reversible inhibitor of inosine monophosphate dehydrogenase that inhibits de novo guanosine nucleotide synthesis without incorporation into DNA. T-and Blymphocytes depend on de novo synthesis of purines for their proliferation, while other cell types can use salvage pathways. Thus, MMF has potent cytostatic effects on lymphocytes. MMF is effective in autoimmune diseases (psoriasis and uveitis) (9, 10) , as anti-rejection therapy in transplant recipients (11) , and in diabetic animal models (12, 13) .
Daclizumab (DZB) is a humanized monoclonal antibody that binds to CD25, the ␣ subunit of the interleukin-2 (IL-2) receptor expressed on the surface of activated lymphocytes. DZB inhibits IL-2 binding and the progression of Tlymphocytes through the cell cycle. The Edmonton protocol used DZB induction therapy in islet transplantation in type 1 diabetes (14) . It has been used in several autoimmune conditions (multiple sclerosis and uveitis) (15, 16) . Recent work in the DR-BB rat model demonstrated a synergistic effect of these two drugs when used together (17) .
The objective of this study was to determine whether MMF alone or MMF combined with DZB could diminish progression of ␤-cell destruction in recentonset type 1 diabetes.
RESEARCH DESIGN AND
METHODS -This multi-center trial was conducted at 13 sites with subjects aged 8 -45 years with autoimmune type 1 diabetes for less than 3 months and with evidence of ␤-cell function evidenced by stimulated C-peptide Ͼ0.2 pmol on a 2-h mixed meal tolerance test (MMTT). Autoimmune type 1 diabetes was defined by the presence of any of four islet autoantibodies within 14 days of diagnosis (GAD, insulinoma-associated protein 2, or islet cell autoantibodies [ICAs] ). Subjects were otherwise healthy without major systemic illness nor allergic or autoimmune conditions requiring treatment with immunosuppressive agents or steroids. The protocol was approved by the Type 1 Diabetes TrialNet Steering Committee, the Data and Safety Monitoring Board (DSMB), and regulatory authorities; human subject approval was obtained at participating sites prior to study initiation. All subjects provided written, informed consent.
Study design
The study was a three-arm, randomized, double-masked, placebo-controlled clinical trial conducted by Type 1 Diabetes TrialNet. Roche Pharmaceuticals provided MMF, DZB, and placebo, but had no involvement in study management, data collection and analysis, or manuscript preparation. There were 126 subjects randomized to receive MMF alone (with DZB placebo), MMF and DZB in combination, or control (MMF placebo and DZB placebo), stratified within clinical center.
By error, among the last six sites to join the study, 12 subjects assigned to receive MMF alone inadvertently received DZB-alone, thus resulting in an imbalance in the group sample sizes. The results from these 12 subjects are not presented herein.
MMF or matched placebo was administered daily at a dose of 600 mg/m 2 (maximum 2,000 mg/day) in 2-3 divided doses for 2 years. DZB or matched placebo was given by intravenous infusion at study day 0 and two weeks later at a dose of 1 mg/kg. All subjects were to be followed for at least 2 years under the intention-to-treat principle, including those who did not receive the full course of assigned therapy.
Because both drugs reduce the ability to fight viral infections, screening for cytomegalovirus (CMV), and Epstein-Barr virus (EBV) was based on close surveillance rather than active prophylaxis.
Study visits were conducted to assess safety weekly ϫ 4, biweekly ϫ 2. Thereafter, EBV-negative subjects were followed monthly, and EBV-positive subjects were followed at 3-month intervals. Visits included assessment of diabetes care, adverse events, and laboratory measurements to assess medication side effects. In the case of an acute infection, additional studies were performed.
All participants received intensive diabetes management with the goal of maintaining A1C levels Յ7.0%.
An independent DSMB met every 6 months and had quarterly summary safety reviews. A medical monitor, masked to treatment assignment, reviewed all adverse events. An infectious disease committee developed treatment algorithms for common infections and provided consultation as needed.
Laboratory assessments
Blood samples were analyzed at core laboratories. A 4-h MMTT was conducted at baseline and 2 years, and a 2-h MMTT at 3, 6, 12, and 18 months with timed sample collection at 15-30 min intervals. Cpeptide levels were measured using a twosite immunoenzymometeric assay (Tosoh 600 II analyzer). A1C was measured quarterly using ion-exchange high performance liquid chromatography (Variant II, Bio-Rad Diagnostics). The reliability coefficient for each assay was Ͼ0.99 from split duplicate samples.
Biochemical autoantibodies (GAD-65, ICA-512, mIAA) were measured using radio-immunobinding assays; ICAs were measured using indirect immunofluorescence. Potential participants were screened for antibodies to hepatitis B surface antigen, hepatitis C, and human immunodeficiency virus using enzyme immunoassays that, if positive, resulted in exclusion from the study.
Antibodies to CMV EBV were measured using indirect immunofluorescence (anti-EBV VCA IgM) and enzyme immunoassay (anti-CMV IgG and IgM; anti-EBV VCA and EBNA IgG). CMV and EBV viral load was measured using real time quantitative PCR (Lightcycler System; Roche Applied Science). MMF peak and trough levels were determined by MPA concentrations using HPLC. Flow cytometry was used to measured T-lymphocyte subpopulations, including CD4CD25.
Statistics
The prespecified primary analyses were based on the intention-to-treat cohort that included all subjects randomized correctly to the three specified treatment groups. The primary outcome was the geometric mean difference between active-and placebo-treated subjects of the area under the stimulated C-peptide curve over the first 2 h of a 4-h MMTT conducted at the 2-year visit in an ANCOVA model adjusting for the baseline C-peptide, age, and sex. The 2-h Cpeptide area under the curve (AUC) (pmol/ml/120 min) was computed using the trapezoidal rule from timed measurements of C-peptide during each MMTT (including the basal). The AUC mean (pmol/ml) equals the AUC divided by the interval of time. The log-([mean C-peptide] ϩ 1) transformation of the baseline and follow-up AUC mean was used to allow for mean Cpeptide values close to zero and to normalize the distribution of the residuals (6) .
Data from all 13 centers contributed to the primary and secondary effectiveness analyses of the MMF plus DZB combination and its respective control group. However, owing to the randomization error, subjects received MMF alone in only seven centers. Thus, these analyses compare the MMF alone subjects only with the concurrently randomized control subjects from these centers.
Secondary analyses include assessment of differences between groups over time in a longitudinal normal errors repeated-measures model of the log([mean C-peptide] ϩ 1) values. The group geometric mean C-peptide was obtained using the inverse transformation. The mean rate of change over 3-24 months was estimated using a mixed effects random coefficient model (18) using the log values. The Cox proportional hazards model assessed the relative risk (hazard ratio) of the loss of the 2-h C-peptide Ͻ0.2 pmol/ml (19) .
Prespecified secondary outcomes also include: differences in A1C, insulin dose, hypoglycemic episodes, rates of infection, and adverse events over time.
For assessment of safety, the two active groups are compared with the total control group enrolled. The percents of subjects with an event were compared among the three groups using Fisher exact test. The rate of events per subject was compared between groups using the Poisson model test (20) .
The target sample size of 120 subjects (40 per group) provided 85% power to detect a 65% difference in the geometric mean C-peptide for any one of the three possible pairwise comparisons among the three treatment groups using a test at the 0.05 level (one-sided, adjusted for three comparisons), with 10% loss to followup. Owing to the randomization error, the protocol was modified to compare the MMF and DZB combination group versus all placebo subjects, and to compare the MMF only subjects versus the placebo subjects enrolled within the same clinical centers (7 of the original 13) in which the randomization was not affected, each using a test at the 0.025 level (one-sided, adjusted for two comparisons). The MMF plus DZB versus placebo comparison, with about 40 per group, provided 85% power to detect a 61% difference; and the MMF alone versus placebo comparison, with about 30 per group, provided 80% power to detect a 67% increase, each allowing for 10% losses to follow-up.
In April 2008, based on 41 and 47% of the planned total information, the DSMB recommended termination of the treatment phase of the study. At that time the conditional power of each comparison under the current trend in the data were less than 0.02% and under the original design assumptions, termination for futility led to less than a 1% increase in the probability of a type II error (21) . Sites were notified on April 30, 2008, to immediately terminate treatment but continue to follow all subjects. This report is based on closed and locked data for all visits through April 30, 2008. Nominal onesided P values (without adjustment for multiple tests) are presented for analyses of primary and secondary effectiveness outcomes; 2-sided P values for safety outcomes.
RESULTS

Subjects
Supplemental Figure A1 (available in the online appendix at http://care. diabetesjournals.org/cgi/content/full/dc09-1349) summarizes subject dispositionscreening of 228 subjects, randomization of 126 subjects, and subsequent disposition. Table 1 presents baseline characteristics for each active therapy group versus its respective control group. The groups were well-matched with 30% ages 8 -12 years, 31% ages 13-17 years, and 39% age Ն18 years. Mean time from diagnosis to enrollment was 76 days.
Safety data are presented on all 114 properly randomized subjects, excluding the 12 who received the DZB-alone instead of MMF alone. Of these, 60 completed an MMTT at 2 years and contributed to the primary outcome analysis.
All randomized subjects received study treatment, and all but one received the two planned DZB/placebo infusions. Median compliance with MMF daily capsules was estimated to be 75% in the MMF plus DZB group, 63% in the MMF alone group, and 71% in the control group over the treatment period based on capsule counts. Mean MPA trough levels over 24 months were 4.5 Ϯ 3.4 (mcg/ml) and 5.8 Ϯ 4.0 (mcg/ml), respectively, for MMF plus DZB and MMF alone groups with expected trough range of 1.0 -3.5 g/ml. Treatment was terminated in 23 subjects due to adverse events (5), elevated liver enzymes (2), EBV PCRpositivity (8), treatment noncompliance (3), or loss to follow-up (5) (Supplemental Figure A1 ). Means Ϯ SD are presented for continuous variables. *Limit of quantitation ϭ 0.5 units. **One subject did not receive the second infusion due to patient decision to continue study treatment. ***80% or greater by capsule count up through last recorded visit starting with month 3.
C-peptide
Mean AUC C-peptide at entry was 0.70 Ϯ 0.33 pmol/ml. Control subjects lost Cpeptide at a rate of 53.5% per year, and both the MMF alone and the MMF plus DZB treatment groups had comparable rates of loss, 46.4% and 48.1%, respectively. In the primary analysis (Fig. 1A ) at 2 years,;the geometric mean stimulated C-peptide AUC was 0.28 pmol/ml (95% CI 0.19 -0.37) in those treated with MMF plus DZB, compared with 0.27 (0.18 -0.37) for their control subjects, P ϭ 0.47; and 0.25 (0.14 -0.37) in MMF alone treated subjects, compared with 0.23 (0.12-0.35) for their control subjects, P ϭ 0.41. There was no statistical difference between treatment and control subjects over 2 years or during the early phase when DZB would have been more active.
Results were similar for 4-h AUC mean C-peptide at 2 years. During follow-up, all but eight subjects had detectable levels of C-peptide. The AUC mean C-peptide fell below 0.2 pmol/ml during follow-up in 12 MMF plus DZB, 16 MMF alone, and 17 control subjects. Cumulative incidence of decline of peak C-peptide below 0.2 pmol/ml did not differ between groups (Fig. 1B) .
In the primary analysis, the geometric mean ratio for MMF plus DZB versus control subjects was 1.02 (95% CI 0.65-1.59) and for MMF alone versus control subjects was 1.08 (0.57-2.02). Figure 1C and D show that these mean ratios and confidence limits within subgroups, defined by baseline characteristics, are not nominally significantly different from 1, with the exception of the effect of MMF alone within the 10 subjects in the highest tertile of baseline A1C (P ϭ 0.042). How- ever, comparison of ratios among the A1C tertiles, and among all other subgroups, failed to reach significance demonstrating that variation among subgroups was within the realm of chance. Similar results applied to subgroups defined from the mean levels of A1C and insulin dose over 24 months.
DZB reduced CD4CD25 T-cell levels maximally at 4 weeks (depletion 83.9% and blocking 97.5%) and these recovered within 6 -12 months. The month 24 Cpeptide level was not associated with either percent reduction in CD4CD25 T-cells within the MMF plus DZB group, or MMF trough levels in either the MMF plus DZB or MMF alone groups.
A1C and insulin dose
All groups achieved A1C of 7.2-7.3% throughout the study (Fig. 2A) . Mirroring changes in C-peptide, daily insulin dose slowly rose from below 0.5 units/kg at baseline to 0.57 units/kg with MMF plus DZB versus 0.61 units/kg among control subjects (P ϭ 0.17); and to 0.65 units/kg with MMF alone versus 0.62 units/kg among control subjects (P ϭ 0.68) (Fig.  2B) .
Adverse events
There were 19 serious adverse events (AEs) reported for 14 subjects (34%) in the MMF and DZB group, nine in five subjects (16%) in the MMF alone group, and three in three subjects (7%) in the control group (online appendix Table 1), P Ͻ 0.01.
More grade 2 or higher AEs occurred in MMF plus DZB subjects (167 or 4.1 events/subject) compared with MMF alone (117, 3.8 events/subject) or control subjects (133, 3.2 events/subject), P ϭ 0.09 (online appendix Table 1 ). Contrary to expectations, there was no difference in the occurrence of infectious or gastrointestinal events among groups. Eight individuals had asymptomatic reactivation of previous EBV infection using a sensitive PCR assay (five in MMF plus DZB, one in MMF, and two in control). Neutropenia and leukopenia, both side effects of MMF and DZB, occurred approximately equally among the three groups. A slight excess of elevated liver enzymes occurred in the MMF plus DZB group. Major hypoglycemic events were reported for 27 subjects, with an average of two each, with no difference among groups.
CONCLUSIONS -The aim of the present study was to arrest ␤-cell destruction in recently diagnosed type 1 diabetic subjects when preservation of existing ␤-cells may have a clinically meaningful effect on long-term outcomes of type 1 diabetes. We found no treatment benefit from either MMF alone or from the combination of MMF and DZB in this randomized, masked, placebo-controlled trial.
Although MMF has been effective in combination with other anti-rejection drugs (such as sirolimus and tacrolimus) in a number of transplant protocols (11) , alone it may not have as much effect on effector cells, which can damage and kill islets without requiring cell division, the primary mode of MMF action. Although several studies have reported a potential negative effect of MMF on islet cell function, we did not see any greater loss of C-peptide in the MMF alone group compared with control subjects. For both MMF and DZB, we chose the lowest known effective doses of each. DZB has been shown to reduce recurrences in multiple sclerosis (15) and uveitis (16) when given monthly. Our use of two doses of DZB may not have been sufficient to affect activated effectors cells in the pancreas even with MMF, despite reasonably good depletion/coating in the peripheral circulation. Cyclosporine, which also affects the IL-2 signaling pathway, was shown to be effective in past trials if given at high doses and early enough in the course of disease (22) . This, and the aforementioned effect of DZB in two other autoimmune diseases, suggests that the lower dose may have played a major part in the lack of effect of this therapy. Although higher doses may have greater therapeutic effect, this has to be measured against the increased risk of side effects. Even at the doses used in this study, there was an increase in AEs when the two drugs were used together in comparison to MMF alone or placebo.
CD4CD25ϩ regulatory T-cells play an important role in immune regulation and a potential problem with an anti-IL-2 receptor antibody is worsening autoimmunity rather than reducing it if the ef- fects of the drug on the regulatory cell population outweigh its effects on the activated-effector cell population. In this study we saw no worsening of ␤-cell destruction or development of other autoimmune conditions with the use of DZB.
While overall compliance with the MMF and DZB regimens was high, it is possible that the need to withdraw study drug, primarily MMF, for various intervals due to AEs, may have affected the ability to demonstrate a beneficial effect. However, mechanistic assessments showed that MMF and DZB each were bioavailable and had the intended immunologic effects, but these effects were not associated with the C-peptide levels after 2 years. Modified anti-CD3 antibodies have been shown to reduce the rate of loss of C-peptide in new-onset type 1 diabetic subjects similar to those studied in this trial (2) (3) (4) . MMF and anti-IL-2R are downstream of the important major histocompatibility complex-peptide/T-cellreceptor interaction, which is the driver of the autoimmune response. Therapies such as anti-CD3 and anti-CD20 as well as antigens such as GAD, oral insulin, and DiaPep277 may have the potential to alter this critical reaction and blunt the direct activation of autoreactive T-cells rather than limit their activity and division, which is where MMF and DZB are most critical. One additional difference between this study and the cyclosporine trials (22) that had been successful was that the time to treatment was 56 days with anti-CD3 versus 76 days in this study. Post hoc analysis did not reveal this to be a factor in the failure to see an effect and probably suggests that more targeted therapy at sufficient dose is necessary to arrest the diabetes process. New therapies such as DiaPep277 in adults (23) or GAD immunization (24) have recently been shown to slow the rate of loss of C-peptide, and others are under study such as anti-CD20, abatacept, and thymoglobulin.
Although we were concerned with the number of adverse events that might occur from the use of immunosuppressive agents, it is clear from our analysis that the number and type we detected were for the most part within our prestudy expectations and did not prevent study subjects from continuing treatment. The finding of asymptomatic lowlevel PCR reactivation of EBV in both treated and untreated patients was unexpected and may reflect the differential sensitivity of our EBV viral PCR assay as well as our rigorous screening program to ensure patient safety.
Type 1 Diabetes TrialNet is an National Institutes of Health (NIH)-sponsored multicenter trial group formed to perform intervention trials in newonset type 1 diabetes and pre-diabetes, as well as to develop immunologic and mechanistic assays to better understand type 1 diabetes pathogenesis. There are several advantages of multicenter networks. These include consistency in study design and study outcomes allowing better comparisons between trials. Proposed studies are rigorously reviewed for scientific and ethical justification, clinical feasibility and prioritization by a diverse group of clinicians, basic scientists, statisticians, and ethicists (25) . Trials are monitored by metabolic, infectious disease, and safety monitoring committees in addition to oversight by an independent DSMB.
Although this trial was unsuccessful at finding new therapies to induce clinical remission in type 1 diabetes, it showed that our network can successfully design, recruit, and conduct clinical trials of sufficient size. The use of novel agents, alone or in combination, will be facilitated by the clinical trial process developed for this first trial under the TrialNet mechanism.
